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NOX-FUEJ, CBWICBIS FRCfM C(#L 

By Herbert  J. West 
Skeis t  Laborator ies ,  Inc. 
112 Naylon Avenue 

. Livingston, New J e r s e y  07039 

In t roduct ion  

Current research  and development a c t i v i t i e s  a r e  demonstrating t h a t  
l i q u i d  and gas f u e l s  can be produced by hydrogenation of c o a l  or  coal- 
der ived o i l  a t  c o s t s  which a r e  i n  s i g h t  of being competit ive with n a t u r a l  
gas o r  f u e l s  from petroleum. 
t o  t h e  Off ice  of C o a l  Research, Department of t h e  I n t e r i o r ,  with t h e  prime 
o b j e c t i v e  of assur ing  t h a t  w e  become s e l f - s u f f i c i e n t  i n  non-nuclear energy 
resources  i n  t h e  f a c e  of d e c l i n i n g  domestic petroleum and n a t u r a l  gas 
reserves.  

Most of this work is being done under cont rac t  

S k e i s t  Laboratories cont rac ted  t o  s tudy t h e  economic cont r ibu t ions  
t o  t h e s e  operat ions from t h e  recovery of non-fuel by-products. 
s tudy  progressed, it became increas ingly  evident  tha t  t h e  production from 
coal  of what we.nou c a l l  l'petrochemicals'l could eventual ly  make just a s  
g r e a t  o r  even a g r e a t e r  c o n t r i b u t i o n  t o  our economy than t h e  production 
of fuel .  Major improvements i n  t h e  design and construct ion of r e f i n e r y  
and petrochemical equipment, toge ther  wi th  production level requirements 
running i n t o  b i l l i o n s  of pounds a year, have completely changed production 
economics i n  coal  conversion from w h a t  they were a t  t h e  time of e a r l i e r  
e f f o r t s  in  this technology. 

A s  our 

Although nas  off-shore and ' foreign o i l  reserves  f requent ly  a r e  being 
found, they a r e  increas ingly  c o s t l y  t o  discover.  The r a t i o  of domestic 
reserve t o  production demand is s t e a d i l y  decreasing; a l ready,  high-grade 
domestic crudes a r e  p r i c e d  aver $3.00 a barrel .  The Alaska d iscover ies  
may postpone t h e  petroleum shortage era; but d e s p i t e  pred ic t ions  of low 
cos t  a t  t h e  well, they a r e  not l i k e l y  t o  r e l i e v e  t h e  cost  picture .  Pipe 
l i n e s  t o  d i s t r i b u t i o n  sites a r e  estimated t o  c o s t  $900 mi l l ion ,  and main- 
tenance and operat ing c o s t s  a t  -6OoF. temperatures w i l l  c o n t r i b u t e  f u r t h e r  
to high t ranspor ta t ion  costs .  

Let us assume, then, that wi th in  t h e  foreseeable  f u t u r e ,  petroleum 
crudes becane s c a r c e  enough o r  c o s t l y  enough t o  th rea ten  their  usefulness  
as fuel .  Also let  us assume that nuclear  energy w i l l  be cheap enough f o r  
e l e c t r i c  automobiles t o  become an economic r e a l i t y  and f o r  e l e c t r i c i t y  t o  
be t h e  p r ime  source of domestic heat. It has been est imated that  before  
the end of the  century,  f a s t  breeder  r e a c t o r s  w i l l  be  supplying power a t  
a s  l o w  a s  b.% per  KWB. 
shortage need not be c r i t i c a l  i n  regard t o  energy requirements. 
from coal  conversion might complement nuclear  energy, but t h e  production 
of petrochemicals from c o a l  could becwe  of even g r e a t e r  s ignif icance.  
The demand for petrochemicals is expected t o  climb t o  35 mi l l ion  tons 
i n  1975, and possibly t o  60-70 mil l ion  tons by 1985. 

It is conceivable,  thezefore ,  t h a t  a petroleum 
Energy 

J 

. .i 

.i 
I 



237 

Processes f o r  Coal Conversion 

Several  processes f o r  coal conversion a r e  under development. Those 
of major i n t e r e s t  f o r  p o t e n t i a l  chemicals recovery a r e  designed t o  produce 
a syn the t i c  crude f o r  use as a r e f i n e r y  feed. One process*, now being 
engineered f o r  la rge-sca le  p i lo t -p l an t  opera t ion ,  f i r s t  pyrolyzes coa l  
i n  four s t eps  under c lose ly  con t ro l l ed  condi t ions  t o  convert  about one-half 
t h e  coal t o  gas and o i l .  The o i l  is hydrogenated t o  g ive  a syn the t i c  crude- 
o i l  r e f ine ry  feed. 
a s  shown i n  Table  1. 
could g ive  hydrogen cos t s  of less than 15t$/lOOO cu.ft. 

The gas can be  used t o  produce o l e f i n s  and hydrogen 
Credi t ing  e thylene  and propylene a t  cur ren t  va lues  

This low-cost hydrogen could be an extremely important f a c t o r  i n  t h e  
ove ra l l  economics of coal conversion, s ince  hydrogen a t  c o s t s  by conven- 
t i o n a l  steam reforming represent  30-4077 of the cos t  of coa l  hydrogenation. 
The unconverted coa l  o r  "char" w i l l  be hydrodesulfurized and used a s  
powdered fue l .  

Another process operated on a la rge-sca le  p i l o t  p l a n t  b a s i s  a t  Cresap, 
West Vi rg in ia ,  by Consolidation Coal so lva te s  about 2/3 of t h e  coal by 
hea t ing  wi th  a kerosene-type so lvent  under pressure  a t  about 700°F. 
f i l t r a t i o n ,  removal of so lbent  by d i s t i l l a t i o n  and hot-water washing of 
the  e x t r a c t ,  a high q e l t i n g  product is  obtained which is hydrogenated to 
give  t h e  r e f i n e r y  feed. I f  des i r ed ,  t h e  coa l  e x t r a c t  can f i r s t  be t r e a t e d  
by t y p i c a l  tar-processing technology t o  recover t a r  a c i d s  and bases and 
o ther  t y p i c a l  c o a l . t a r  chemicals. 

Af t e r  

The t h i r d  major process,  which has many a t t r a c t i v e  f e a t u r e s ,  is 
the  H-coal process,  developed by Hydrocarbon Research, Inc. Here pul- 
verized coa l  is hydrogenated d i r e c t l y  i n  an ebu l l a t ing  c a t a l y s t  bed, by 
a process similar t o  f l u i d i z e d  bed technology. A s y n t h e t i c  crude is 
obtained d i r ec t ly .  

Estimates of t h e  cos t  of f u e l s  ob ta inable  by these  processes a r e  
given i n  t h e  r epor t s  t o  the Of f i ce  of Coal Resear& by t h e  contractors.  

Chemicals Recovery 

The main purpose of t h i s  paper is  t o  d iscuss  the  recovery of hydro- 
carbon chemicals from these s y n t h e t i c  crudes; bu t  r ega rd le s s  of the 
u l t imate  ob jec t ive  of t h e  opera t ion ,  be i t  chemicals, l i q u i d  or  gaseous 
fue l s ,  t h e  recovery of ammonia and s u l f u r  i s  an  e s s e n t i a l  f e a t u r e  t o  
eliminate a i r  and stream pol lu t ion .  We do not propose t o  go i n t o  d e t a i l s  
of t h e i r  recovery, but t h e  volume is l a r g e  and w i l l  make a s i g n i f i c a n t  
cont r ibu t ion  t o  the economics of t h e  opera t ion ,  as shown in Table  2. 

* COED ( C h a r  O i l  Energy Development) FMC Corporation 
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TABLE 1 

HYDROGEN AM) O L E F I N  YIELDS FROM PYROLYSIS GASES I1 

Coal consumed: 50,000 tons per diem 

Gas volume: 400 MM cu.ft. pe r  diem, co2-H2S-free bas i s  
I 

Compos it ion : VOl.  % I 

co 
H2 
CH4 
c2'c4 

22 
56 
1 7  
4- 5 

I 

'I 
ANNUAL VOLUME OF HYDROGEN AND OLEFINS: 

Value MM $ 
i 

MM lbs./year 

Propylene 
Ethylene 
Hydrogen 

150 ' 4.5 
200 6.5 

135 b i l l i o n  cu.ft. 27.0 
Tota l  38.0 

T A B U  2 

TYPICAL SULFUR, AMMONIA AND TAR ACID 

- Basis: A. Conversion v i a  pyro lys i s  

B. Conversion v i a  so lva t ion  

I 
/ 

t 

h 

I 

. k  
RECOVERIES PER ANNUM 

of 50,000 tons of coa l  p e r  diem 

o r  d i r e c t  hydrogenat ion I 

t 

of 15,000-17,000 tons  coa l  per diem 

Assumes coa l  wi th  3% s u l f u r  content 

Su l fu r  

Tar  acids* 
' Amonia 

A .  B 
M tons Value MM $ M tons  Value MM 8 

400 11 100 2.7 
40-50 1.6-2.0 40-50 1.6-2.0 
40 9.6 40 9.6 

To ta l  va lue  (rounded) 22 1 4  

* Estimates of recoverable  mater ia l  vary from 30,000 t o  100,000.tons 
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A l l  t h e  volume f igu res  throughout this  presenta t ion  are  based on a 
r e f ine ry ,  which when opera t ing  on a l l  f u e l ,  would produce 50,000 b a r r e l s ,  
a day of gaso l ine  and f u e l  o i l .  This  r equ i r e s  t h e  pyro lys i s  of approxi- 
mately 50,000 tons  a day of as-received coa l  i n  t h e  f i r s t  of t h e  fore- 
going processes,  where only about onefourth of t h e  coa l  is converted 
t o  o i l ,  o r  15,000-17,000 tons  of as-received coa l  a day i n  t h e  o ther  
two processes. 

and 
The 

Common a l s o  t o  a l l  t h r e e  processes is the  a v a i l a b i l i t y  of phenols 
c re so l s ,  which can be ex t r ac t ed  e i t h e r  before  o r  a f t e r  hydrogenation. 
quan t i ty  of c r e s o l s  p o t e n t i a l l y  a v a i l a b l e  would f a r  more than s a t u r a t e  

the  market; but it would be des i r ab le  t o  e x t r a c t  as much as poss ib le ,  a s  
oxygenated hydrocarbons must be hydrogenated t o  ex t inc t ion  of oxygen 
before  the  reforming s t e p ,  consuming va luable  hydrogen. The volume of 
t a r  ac ids  a v a i l a b l e  is shown i n  Table  2. 

I n  regard  t o  our fu tu re  petrochemical requirements,  t h e  high 
p o t e n t i a l  a v a i l a b i l i t y  of aromatics is the  most s i g n i f i c a n t  f e a t u r e  
of coal hydrogenation. Table  3 shows a rough composition of a COED 
syncrude from Utah C o a l  compared wi th  petroleum crudes. 
no corresponding da ta  a r e  ye t  a v a i l a b l e  on s y n t h e t i c  crudes from o the r  
types of coal, but i t  is be l ieved  that t h e  d i s t r i b u t i o n  of product 
types.does not vary s ign i f i can t ly .  The important f e a t u r e  is t h e  high 
content of naphthenes and aromatic hydrocarbons, which i n d i c a t e s  t ha t  
a f t e r  t h e  seve ra l  r e f i n i n g  s t e p s  and severe  reforming, t h e  t o t a l  
aromatics content could approach 90%. 

Unfortunately,  

Table 4 shows a chromatographic ana lys i s  of another  sample of 
Pi t t sburgh  coal-derived naphtha. Severa l  highly s i g n i f i c a n t  f ea tu re s  
a r e  evident.  The 10.2% of combined methylcyclopentane and cyclohexane 
suggests that it should be easier t o  recover cyclohexane from coal- 
derived naphtha than from petroleum naphthas, which conta in  much less. 
Methylcyclopentane isomerizes t o  cyclohexane by hea t  treatment.  The 
p o t e n t i a l  a v a i l a b i l i t y  from t h e  50,000 barrel opera t ion  would be about 
5,000 b a r r e l s  a day, o r  over 400 mil l ion  lbs.  a year. 

The high content of deca l in s  and te t ra l in  t h e o r e t i c a l l y  could y i e l d  
by reforming about 500 mi l l i on  lbs.  a year of naphthalene a t  much lower 
c o s t s  than by dea lkyla t ing  t h e  a l k y l  naphthalenes i n  petroleum naphthas. 
W e  be l ieve  i t  should be poss ib l e  t o  sepa ra t e  t h e  naphtha of t h e  composi- 
t i o n  shown i n  Table  4 i n t o  two f r a c t i o n s  of 70% and 30%, reform t h e  f i rs t  
f r a c t i o n  for monocyclic aromatics production and s e p a r a t e  a deca l in- r ich  
cu t  from t h e  second f r a c t i o n  f o r  naphthalene production. 
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TABLU 3 

TYPICAL COED SYNCRUDE C(IWOSITI0N VS. PETROLEUM CRUDES 

COED Syncrude Naphthenic Pa ra f f in i c  
petroleum crude petroleum crude 

Pa ra f f in s  13.5 40-46 70-75 , 

Alkyl  benzenes 
Polycycl ic  and thio-aromatics 

Naphthenes 57.8 47 19-23 

7-13 7-12 20.8 

* * * * *  

TABU 4 

COMP&lTION OF CWL-DERIVED N A ~ ~  A m R  IS(pIAx HPDROCRACCING 

VOl. % Reform Product 

Pa ra f f in s  
Methyl cyclopentane + cyclohexane 
c7  Naphthenes 

:: 
C l o +  " 
Benzene 
Toluene 
Xylene 
O t h e r  a l k y l  benzenes 

11.4 
10.2 Benzene 
10.7 Toluene 
13.9 Xylene and ethylbenzene 

7.6 Trimethylbenzenes 
6.0 T etramethylbenzenee 
0 
1.4 
3.9 
4.8 

Dicycloparaff ins:  I 

C i s  and t rans-deca l in  10.2 Naphthalene 

Other d icyc loparaf f ins  14.8 

Naphtha lene & 0 4  

T e t r a l i n  ( includes indanes) 3.5 

Hydrindane 1.2 

I' 100 



\ 

\ 

!> 
i 

L 

Polymethylbenzenes. I f  a l l  the naphthenes including the C6's a r e  
reformed, about 50% of the naphtha would be converted t o  benzene and 
a l k y l  benzenes. The recoverable volumes of benzene, toluene and xylene 
a r e  shown l a t e r .  Of considerable s i g n i f i c a n c e  t o  our p l a s t i c s  and 
coat ings i n d u s t r i e s  is t h e  volume of tri- and tetramethylbenzenes 
obtainable  f r m  reforming of t h e  Cg+ naphthenes. Another a n a l y s i s  of 
coal-derived gasol ine  gives  the percentages of s i g n i f i c a n t  components 
shown i n  Table  5, showing 16 times a s  high a content of durenes a s  i n  
regular  petroleum gasol ine.  Pseudocumene, although much lower, is 
present  i n  s i g n i f i c a n t  q u a n t i t i e s ,  and naphthenic pseudocumene pre- 
cursors  a r e  presumably present also.  

Polvcvclic aromatics. Another s e r i e s  of analyses  was made by the  
A t l a n t i c  Refining Co. on four  f r a c t i o n s  , including middle d i s t i l l a t e  
and gas o i l  from t h e  FMC Syncrude (Table 6). The important fea tures  
a r e  the  high content  of naphthalenes.  t r i c y c l i c  aromatics ,  acenaphthene, 
acenaphthylene and pyrene. Table  7 shows the p o t e n t i a l  a v a i l a b i l i t y  of 
these  compounds from 50,000 b a r r e l s  of feed. 

The t r i c y c l i c  aromatics,  a l though not  ind iv idua l ly  i d e n t i f i e d ,  
a r e  probably of about the  same d i s t r i b u t i o n  a s  those der ived f r a n  coal 
t a r ,  pr imari ly  anthracene,  phenanthrene and fluoranthrene. Separat ion 
of these  products,  including acenaphthene and acenaphthylene, is 
long-established coal- tar  processing technology; but new technologies  
i n  so lvent  e x t r a c t i o n  and f r a c t i o n a l  d i s t i l l a t i o n  could f a c i l i t a t e  
t h e i r  recovery a t  very favorable  costs.  Also,  it may be e a s i e r  t o  
i s o l a t e  them i n  higher  y i e l d  and p u r i t y  from hydrogenated crudes 
than from coal  t a r  s i n c e  the  content of many su l fur - ,  n i t rogen-  and 
oxygen-containing co-products,  which complicate separa t ion ,  has been 
reduced or  e l iminated by hydrogenation. 
t o  pyrene, which has been d i f f i c u l t  t o  i s o l a t e  from coal  tar. 
in which, a s  explained l a t e r ,  there is revived i n t e r e s t ,  is found i n  
t h e  anthracene f r a c t i o n  i n  coa l  ta r .  
in t h e  coal  o i l  is removed as amnonia by hydrogenation t o  s y n t h e t i c  
crude, but it could be ex t rac ted  before  hydrogenation. 

End Uses for  Polymethylbenzenes and Polycycl ic  Aromatics 

The same p o s s i b i l i t y  may apply 
Carbazole, 

About two-thirds of t h e  ni t rogen 

There a r e  numerous e x i s t i n g  and p o t e n t i a l  uses  f o r  t h e s e  mater ia ls .  
Some of t h e  major end-uses a r e  shown i n  Table  8. H. W. Earhart of 
Sun O i l  Co. (see CW Report) ,  Feb. 22, 1969, on polpethylbenzenes)  
lists a wide v a r i e t y  of r e a l  and p o t e n t i a l  uses f o r  t h e  tri- and t e t r a -  
methyl benzenes i n  severa l  f i e l d s ,  p r imar i ly  p l a s t i c s  and coatings.  
Pseudocumene is a l ready  i s o l a t e d  by d i s t i l l a t i o n  from petroleum naphtha 
f o r  oxidat ion t o  t r i m e l l i t i c  anhydride,  which is used mainly f o r  con- 
vers ion t o  t r i - e s t e r s  f o r  p l a s t i c i z e r s  and t o  polyamide-imides f o r  
hea t - res i s tan t  wire coatings.  Durene, 1,2,4,5-tetramethylbenzene, is 
of high i n t e r e s t  i n  t h e  production of p y r o m e l l i t i c  dianhydride,  a l s o  
usad camnercially t o  prepare h e a t - r e s i s t a n t  imide polymOrs f o r  wire  
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TABLE 5. 

SOMF, SIGNIFICAW CCMPONEWS OF COAL-DERIVED GASOLINE 
AND REGULAR NON-PREMIUM GASOLINE (GAS C~OMATOGRAPH) 

Methylcyclopentane 
Cyclohexane 
E t  hylbenzene 
Pseudocumene 
Durene 
Isodurene 

% by Volume 
Coal Typical  regular  
derived petroleum gasoline 

2.2 
3.5 
3.8 
0.6 
2.1 
8.5 

1.5 
0.4 
2.7 
2.8 
0.2 
0.4 ' 

TABLE 6. 

ScplE S I G N I F I W  COMPONE~S OF DISTILIATE CUTS FROM COED SYNCRUDE I 

1 
c u t  1 - 

Boiling range 
% d i s t i l l a t e  

Monocycloparaf f i n s  
Dicycloparaffins 
Indanes and t e t r a l i n  
A 1 ky 1 benzenes 
Acenaphthene 
Acenaphthylene 
T r i c y l i c  aromatics 
Pyrene 
Chrysene 

0.335 
3.8 

71.4 
9.2 
0.9 
7.4 - - 

335-420 
8.3 

55.1 
8.7 

16.4 
9.9 - - 

420-600 600-875 
25.9 48.9 

19.7 4.3 
11.0 3.6 
23.7 8.3 
9.2 4.8 
1.2 6.9 
0.7 11.7 
0.3 4.2 

0.8 - 6.8 

! 
r 
I, 
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TABLE 7 

4 

1 

\ 

\ 

VOLUMES OF POLYCYCLIC A R W I C S  POTENPIALLY AVAILABLE 
FROM A 50,000 BARRELS/DAY REFINERY 

MM lbs./day MM lbs./vear 

Naphthalene 
A cenaphthene 
Acenaphthylene 
Pyrene 
T r i c y c l i c  aromatics* 

1.M 50Ot 
.6 200 
.9 300 
08 26 

.4 130 

- * Probably a t  l e a s t  10% anthracene = 13 MM lbs /year ;  t h e  o ther  
major component is  phenanthrene. 

* 

TABLE 8 

END USES FOR WLYMFPHYLBENZENES AND POLYCYCLIC AROMATICS 

Product 

Pseudocumene 

1,2,4,5-tetramethylbenzene 
(durene) 

1,2,3,5-tetramethylbenzene 
(isodurene) 

Acenaphthene 

Acenaphthy 1 ene 

Pyrene 

Anthracene 

Phenanthrene 

Carba zo 1 e 

End U s e  

T r i m e l l i t i c  anhydride f o r  hea t - r e s i s t an t  
p l a s t i c s  and coatings. 

Pyromel l i t i c  dianhydride f o r  polyimide 
hea t - r e s i s t an t  f i b e r s  and coatings. 

Te t racarboxyl ic  a c i d  esters f o r  non- 
v o l a t i l e  p l a s t i c i z e r s .  

Naphthalic anhydride f o r  chemical spec ia l t i e s .  
Conversion v i a  naphthalimide t o  perylene 
der iva t ives .  

Reactive e thy len ic  monomer f o r  p l a s t i c s .  

Conversion t o  lY4,5,8-naphthalene t e t r a -  
carboxyl ic  a c i d  dianhydride f o r  production 
of super -hea t - res i s tan t  polyimides. 

Production of anthraquinone. 

Oxidation t o  diphenic a c i d  f o r  use  i n  
alkyd r e s i n s  and polyes te rs .  

N-vinyl carbazole  f o r  e l e c t r i c a l  grade 
polymers and photosens i t ive  polymer systems. 
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enamel and f i b e r  production. Its high content  i n  the  coal-derived 
naphtha reformate could eventual ly  lead t o  a p r i c e  canparable t o  t h a t  
f o r  paraxylene, i.e. less than 10$/lb. VS. t h e  cur ren t  50+60$ range. 
The analyses  i n d i c a t e  a p o t e n t i a l  a v a i l a b i l i t y  of about 100 MM lbs .  
a year from the  50,000 bbl. ref inery.  Even l a r g e r  q u a n t i t i e s  of t h e  
1,2,3,5 isomer,  isodurene, appear t o  be avai lable .  This  could be 
oxidized t o  a t e t r a c a r b o x y l i c  a c i d  f o r  e s t e r i f i c a t i o n  to  u s e f u l  
low-vola t i l i ty  p l a s t i c i z e r s .  

Pyrene is of paramount p o t e n t i a l  i n t e r e s t .  Oxidation gives  
1,4,5,8-naphthalene t e t r a c a r b o x y l i c  a c i d  dianhydride,  from which is 
made the  exot ic  pyrrone polymer BBB o r  poly(benzimidazobenzophenanthro1ine) 
dione which, i n  f i b e r s ,  r e t a i n s  s t r e n g t h  up t o  70OoC. 
is being produced and used t o  make drogue parachutes f o r  spacecraf t .  
Pyrene is  d i f f i c u l t  t o  i s o l a t e  i n  high p u r i t y  from coal t a r ,  i n  which 
i t  is assoc ia ted  with benzodiphenylene oxides having t h e  same boi l ing  
poin ts  and s o l u b i l i t y .  
might be reduced o r  e l iminated by hydrogenation, t h e  i s o l a t i o n  of pyrene 
from the heavy gas o i l  f r a c t i o n  from t h e  s y n t h e t i c  crude might not be 
a s  d i f f i c u l t .  
Possibly i t s  i s o l a t i o n  a t  l o w  c o s t  could br ing t h e  p r i c e  of i ts  unique 
pyrrone polymer-der ivat ives  t o  a l e v e l  s u i t a b l e  f o r  i n d u s t r i a l  usage. 

A t  $400.00/lb., it 

Since t h e  content  of materials of t h i s  type 

The p o t e n t i a l  a v a i l a b i l i t y  appears t o  be about 20 MM lbs./yr. 

Acenaphthene and acenaphthylene,  a s  shown i n  Table  7,  a r e  present  
i n  t h e  s y n t h e t i c  crude t o  t h e  ex ten t  of s e v e r a l  hundreds of mil l ion  
pounds. Acenaphthene can be q u a n t i t a t i v e l y  oxidized i n  f ixed  o r  fluid-bed 
converters  t o  naphthalene 1:8 dicarboxyl ic  a c i d  dianhydride which, by 
boi l ing  w i t h  aqueous amnonia, gives  a q u a n t i t a t i v e  y i e l d  of naphthalimide. 
By a l k a l i  fusion,  two molecules-of  naphthalimide condense t o  perylene 
te t racarboxyl ic  a c i d  diimide,used i n  small  anuunts t o  produce pigments. 
The imide r ings can be hydrolyzed back t o  the  dianhydride which, by 
reac t ion  with diamines,  could g ive  polyimides with extremely high hea t  
res i s tance .  The s i t u a t i o n  could be l i k e  that f o r  pyrene. Low-cost raw 
mater ia l  could g ive  product c o s t s  wi th in  a p r a c t i c a l  range. Naphthalic 
anhydride i t s e l f ,  p o t e n t i a l l y  a low-cost product,  has many i n t e r e s t i n g  p o t e n t i a l  
uses.  

Acenaphthylene has been inves t iga ted  on a l imi ted  s c a l e  as  a r e a c t i v e  
monomer capab le  of homo- and copolymerization, but t h e  products t o  date  
have shown no outs tanding performance. 
t o  naphthal ic  anhydride,  but we know of no evidence of th i s .  

Presumably, it also can b e  oxidized 

A t  a low enough p r i c e ,  anthracene would be t h e  prefer red  raw mater ia l  
for  anthraquinone, an important dyestuff  intermediate.  The quant i ty  
a v a i l a b l e  per annum from t h e  50,000 bbl  operat ion would be more than 
enough t o  meet a l l  c u r r e n t  requirements f o r  anthraquinone. 
of this material i s  est imated a t  10-12 m i l l i o n  lbs . /year ,  which, i f  

The production 

I 

I, 
r 

/ 

I r 
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anthracene were t h e  raw mate r i a l ,  world r equ i r e  12-15 MM lbs .  of 90% 
anthracene. Modern d i s t i l l a t i o n  technology could poss ib ly  d e l i v e r  a 
mater ia l  containing only phenanthrene a s  a co-product. Anthracene can 
be separa ted  from phenanthrene by r e c r y s t a l l i z a t i o n  from f u r f u r a l  o r  
pyridine bases. Phenanthrene t o  d a t e  has found but minor uses. It 
can, however, be oxidized t o  diphenic a c i d  which, a t  a low enough pr ice ,  
could be used i n  f a i r  volume in a lkyd  and chemica l - res i s tan t  po lyes te r  
r e s i n s  and a s  an in te rmedia te  f o r  many o the r  i n t e r e s t i n g  polymers. 

Carbazole, a s  previously mentioned, may have been destroyed by 
hydrogenation but ,  i f  demanded, could be recovered from t h e  crude 
before hydrogenation. The demand may increase  subs t an t i a l ly .  

Poly-N-vinyl carbazole has found uses i n  e l e c t r i c a l  app l i ca t ions ,  
and is now being used a s  a photosens i t ive  polymer. 

All-Chemical Refinery 

Recovery of po lycycl ic  aromatics has been emphasized mainly because, 

They represent  
i n  most cases, they  a r e  not r e a d i l y  a v a i l a b l e  from petroleum sources and 
production cos t s  from coal t a r  have been r e l a t i v e l y  high. 
but a small percentage of t h e  t o t a l  volume of hydrocarbons which can be  
produced from t he  s y n t h e t i c  crude. It is t h e  production of o l e f in s ,  
d ienes ,  benzene, to luene  and xylene which w e  expect w i l l  m k e  an  invaluable 
cont r ibu t ion  t o  our f u t u r e  economy. Syn the t i c  crude is a much b e t t e r  feed- 
s tock  than petroleum crudes f o r  BTX production. The l i g h t  naphtha cu t  i s  
j u s t  as good a feedstock f o r  o l e f i n  prpduction, and t h e  CpC4  hydrocarbons 
produced during hydrogenation can be processed t o  o l e f in s .  

Table 9 shows a concept of a production schedule f o r  a chemical 
refinery.  
from coal t o  reformate feed a r e  based on da ta  submitted t o  OCR by Hydrocarbon 
Research, Inc., and t h e  assumption i s  made t h a t  t h e  compodtion of the reformate 
feed is comparable t o  t h a t  o f  t h e  Isomaxate obtained from P i t t sbu rgh  seam 
coal-derived s y n t h e t i c  crude. The la t te r  would reform to  g ive  the product 
d i s t r i b u t i o n  shown i n  Table  11, and is  t h e  only nraterial f o r  which w e  have 
a composition breakdown, a s  shown under naphtha feed i n  Table  11. H a e v e r ,  
we be l ieve  t h a t  t h e  concept is an  ind ica t ion  of what could be accomplished. 
In any case, such a production schedule would be h ighly  f l ex ib l e .  The 
t o t a l  volume and d i s t r i b u t i o n  of o l e f i n s  and butadiene can be va r i ed  over 
wide ranges. 
it, o r  any su rp lus  of i t s  precursor ,  deca l in ,  could probably be i so l a t ed  
and converted t o  supersonic jet  fue l .  
50$/lb. 
increased. 
by f r ac t iona t ion  of t h e  appropr i a t e  a8phtha c u t  o r  by hydrogenating benzene. 
The l a t t e r  method might prove t o  be be t t e r .  

It is l a r g e l y  hypothe t ica l  since the input  and output balances 

Fa r  more naphthalene could be produced i f  condi t ions  warranted 

Decalin i s  c u r r e n t l y  pr iced  a t  over 
Durene recovery could be increased  seve ra l fo ld  i f  t he  demand 

Cyclohexane could be added to  t h e  production schedule e i t h e r  

a 
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TABLE 9 

CONCEPNAL MAJOR PEl'ROCHEMICAL PRODUCTION FR(M 
50,000 BARRELS A DAY REFINERY 

MM lbs./year 

Olefins and butadiene 

Ethylene 
Propylene 
Butadiene 
Butylene 

Aromattcs 

Benz'ene . 
Toluene 
Xylene 
C g t  aromatics 
Pseudocumene 
Durene 
Naphthalene 

585 
140 
370 

60 

Price 
C/lb. 

3.25 
3 .  
8.5 
5 

MM gals.or 
lbs./year 

. 52.3 gals. 20 
65.7 I' 16 
98.2 'I 16.4 
80 13.5 
60 MM,lbs. 6.5 
10 'I 25 

256 3 

GRAND TOTAL 

Value MM $ 

19 
4.2 

' 31.5 
3 

57.7 

10.5 
10.5 
16.1 
10.8 
3.9 
2.5 
7.7 

62.0 

- 

- 
119.7 

'J 

I 

. . i  
/ 
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TABLE i0 

d I E R  PRODUCTS FROM CONCEPWiL SYWHETIC CRUDE REFINERY 

Volume - 
Chemica 1s 

Hydrogen 22 b i l l i o n  cu.ft. 
Tar  acids  82 MM lbs.  
Sulfur  80,000 long tons 
Ammonia 50,000 shor t  tons 

Fuel - 
Fuel o i l  0.4 MM b a r r e l s  
Surplus heavy naphtha 4 MM 

Polvcvclic Aromatics 

Anthracene 10 MM lbs. 
Phenanthrene II 

Pyrene II 

A' c ena ph t h  ene ' II 

Grand T o t a l  

Products from Table 9 

Overall  t o t a l  

Price - 

150/1000 
11.7CIlb. 
$30/ton 
$401 ton  

$2.00 
$2.00 

2oc 
100 
300 
200 

TABLE 11 

COMPOSITION OF REFORMATE FEED AND REFORMATE 
PRDDUCX AITER AROMATICS EXTRACTION 

Naphtha feed 4287 MM lbs. Reformate product: 

Composition: 

Pa ra f f in s  

Naphthenes: 
c6 
c7 
C8 
C9 
C l o t  

Toluene 
C8 arcmatics 

Dicycloparaf f i n s  
Other cyc l i c s  

c9+ 

MM lbs, 

414 Hydrogen 

417 
442 
573 
311 
164 
61 

16 7 
234 

1236 
268 - 

4287 

Benzene 
Toluene 
c8 aromatics 
Cgtaromat ics 
Naphthalene 
Heavy naphtha 
Raf f ina t e  
c1 hydrocarbon 
C? 

L 

c3 :: 
c4 

Value 9 s 

3.0 
9.6 
2.4 
222 
17.0 

0.8 iu! 
8.8 

2 
1 
3 
2 

8 

- 

33.8 
119.7 

153.5 

MM 1ba.MM gals. 

139 ' 

382 52.3 
474 65.7 
707 ' 98.2 
648 90.0 
256 . 

1228 
26 2 
33 
36 
56 
66 

4287 

- 
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The t o t a l  volume of hydrocarbons r ep resen t s  a recovery of about 
. 900 lbs.  from one ton  o f  moisture and ash-free coal. BTX recovery i s  

about 370 Ibs .  a ton VS. about 20  lbs. a s  o r i g i n a l l y  obtained by con- 
ven t iona l  coal and coke technology. About 2000 mi l l i on  lbs. of C1-C4 
gases a year a r e  produced i n  the  i n i t i a l  coa l  hydrogenation and subsequent 
r e f i n i n g  operations. 
e x t r a c t i o n  r a f f i n a t e  t o  o l e f i n s  and butadiene,  it is believed t h a t  t h e  C 1  
f r a c t i o n  plus off-gases should be s u f f i c i e n t  i n  quan t i ty  t o  provide most 
of t he  hydrogen requirements for  t he  o v e r a l l  operation. 

A f t e r  processing t h e  C p C 4  f r a c t i o n s  p lus  the  aromatics 

’ Other chemicals and f u e l s  and t h e i r  estimated value a r e  shown i n  
Table  10. 
The values  a r e ,  w e  b e l i e v e  , conservative. Increased durene o r  naphthalene 
production could add s e v e r a l  mi l l i on  d o l l a r s  t o  t h e  t o t a l .  
naphtha is c red i t ed  a t  f u e l  va lue ,  whereas it could be a va luable  source of 
o ther  ma te r i a l  such a s  decalin.  

The t o t a l  va lue  of a l l  products from Tables 9 and 10 is $153.5 mill ion.  

The surp lus  heavy 

! 
The ove ra l l  m a t e r i a l  balance from c o a l  t o  f i n a l  products is shown in  

Table  12. 

T a b l e  13 shows t h e  pro jec ted  order of p r o f i t a b i l i t y  of the r e f ine ry ,  
Basic hydrogenation us ing  a rounded t o t a l  product va lue  of $150 mi l l ion .  

and r e f in ing  cos t  e s t ima tes  are based on OCB con t rac to r  ,reports.  
investments and opera t ing  c o s t s  f o r  chemicals production are based l a rge ly  
on information provided by major petrochemical engineers. 
i s  15 years  s t r a i g h t  l i n e .  The r e t u r n  on investment a f t e r  taxes  is  8.5% 
and t h e  pay-out time 6.6 years.  This  is f o r  an opera t ion  processing about 
55,000 b a r r e l s  a day of synthetic crude o i l  and consuming v i a  t h e  H--1 
o r  Consolidation Coal process about e mil l ion  tons  of coa l  a year,  moisture- 
f r e e ,  ash-free basis.  An opera t ion  twice t h i s  size,probably r equ i r ing  an 
investment of about $550 mi l l i on  would probably show a r e tu rn  of c lose  
t o  10%. 

The 

Depreciation 

I 

In conclusion, it appears almost c e r t a i n  t h a t  t h e  resurgence of coal 
f a s  a chemical source could make several. important con t r ibu t ions  t o  our 

economy. It could a i d  i n  a s su r ing  se l f - su f f i c i ency  i n  energy resources,  
it co*ild provide a t  low cos t  a l l  t h e  foreseeable  requirements f o r  w h a t  we 
now c a l l  petrochemicals f o r  generations t o  come, and could a l s o  make ava i l -  
a b l e  t o  indus t ry  new f a m i l i e s  of in te rmedia tes  f o r  f i b e r s ,  p l a s t i c s  and 
chemical s p e c i a l t i e s .  

I 

I 

Perhaps t h e  most cons t ruc t ive  production f a c i l i t y  would be  a two-purpose 
100,000 bbls. a day r e f i n e r y  f o r  both f u e l  and chemicals. 
f a c t o r s  would be important. Ref iner ies  could be loca ted  i n  d i s t r e s s e d  
mining areas  such  a s  i n  Kentucky or West Virginia.  
demands, p r o f i t a b i l i t y  da t a  on ind iv idua l  i t e m s  , f r e i g h t  charges,  etc. could 

for o v e r a l l  maximum p r o f i t a b i l i t y .  F i n a l l y ,  it should be noted that t h e  
extremely high polymethyl benzene content of coa l  naphtha reformate ind ica t e s  

Socio-economic 

Fac tors  such a s  market 
I 

I be  in tegra ted  by computer t o  e s t a b l i s h  r e q u i s i t e  optimum production schedules 

1 



TABLE 12 

\ 

7, 

OVERALL MATERIAL BAIANCE FROM COAL T O  ALL FINAL PRODUCTS* (per annum) 
MM lbs .  

Input - Moisture,  ash-free coa l  8378 
Hydrogen 

MM lbs .  

Output: Hydrogen 
Fuel gas 
Ethylene 
Propylene 
Butadiene 
Butylene 

139 
994 
585 
138 
370 

60 

2286 

- 

6 95 - 
90 73 

MM lbs.  MM lbs. 

Benzene 382 Char-coke 1570 
Toluene 474 H20 981 

99 
Naphthalene 256 
Heavy naphtha 1228 2870 

13 7 

3832 

c8 aromatics 707 H2S 220 
cgt 'I 648 NH3 - 

Fuel o i l  - 

T o t a l  output:  2286 
3832 
2870 

Unaccounted f o r  - 85 

9074 

* Based on HRI '?I Coal" hydrogenation procedure 



TABLE 13 

PROFITABILITY OF COAL CHEMICAL REFINERW 

M M S  
Basic investment f o r  naphtha product ion,  

including of f-s i t e  217 
Investment f o r  chemicals production 86.5 

16.5 Additional o f f - s i t e  investment - 
320 

Operating c o s t s  es t imated  a t  $74 MM. 

Product value 
15 year dep rec i a t ion  
Operating c o s t s  
Gross p r o f i t  
After  tax p r o f i t  
Return on investment a f t e r  taxes  
Cash flow 
Pay-out t i m e  

MMS 

150 
21.4 
74 
54.6 
27.3 

48.7 
8.5% 

6.6. years  

/ 

I 

i 
' \  

I 

1 

I 

* Basic investment based on American O i l  Report (Project 6120) 
t o  OCR. This  r e p o r t  was a n  eva lua t ion  of the HRI '?I Coal" pro jec t .  
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t h e  p o s s i b i l i t y  of producing premium loot octane f u e l  without recourse 
t o  lead. Many of t hese  aromatics have research  octane r a t i n g s  exceeding 140. 

Much work would, of course,  be requi red  t o  reduce many of t hese  con- 
cepts  t o  prac t ice .  Much more a n a l y t i c a l  da t a  on process streams is needed. 
The f r a c t i o n a t i o n  of heavy naphtha would r equ i r e  considerable study t o  
sepa ra t e  deca l ins  and t o  t h e  b e s t  of our knowledge, t h e r e  are no a v a i l a b l e  
da t a  on t he  reforming of deca l in  t o  naphthalene. 
so lvent  ex t r ac t ion  methods and f r a c t i o n a t i o n  techniques would have t o  
be s tudied  t o  recover t h e  polycycl ic  aromatics. Ana ly t i ca l  techniques 
must be refined. 

The app l i ca t ion  of 

T h h e l p  and advice of many people was inva luable  i n  obtaining t h e  
bas i c  da ta  f o r  t h e  Ske i s t  r epor t  t o  OCR. W e  acknowledge, with thanks, 
t h e  a s s i s t a n c e  of OCR cont rac tor  personnel a t  E'MC Corporation, Hydrocarbon 
Research, Inc. and Consolidation Coal and of M r .  Harry Jacobs,  A t l a n t i c  
R ich f i e ld ,  Mr.  Walter Linde, Lotepro Corporation and Mr. Eve re t t  Howard, UOP. 


